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Abstract. 

time scales in the tropical Atlantic is quantified using a 25-year (1979-2003) 

monthly rainfall dataset from the Global Precipitation Climatology Project 

(GPCP). The ITCZ measured by monthly rainfall between 15" - 37.5"W 

attains its peak as moving to the northernmost latitude (4"-10°N) dur- 

ing July-September in which the most total rainfall is observed in the trop- 

ical Atlantic basin (17.5"s - 22.5"N, 15" - 37.5"W); the ITCZ becomes 

weakest during January-February with the least total rainfall as it moves to 

the south. In contrast, rainfall variability on interannual to  interdecadal time 

scales shows a quite different seasonal preference. The most intense inter- 

annual variability occurs during March-May when the ITCZ tends to be near 

the equator and becomes weaker. Significant, negative correlations between 

Rainfall variability on seasonal and interannual-to-interdecadal 

the ITCZ strength and latitude anomalies are observed during boreal spring 

and early summer. 

The ITCZ strength and total rainfall amount in the tropical Atlantic basin 

are significantly modulated by the Pacific El Niiio and the Atlantic equato- 

rial mode (or Atlantic Niiio) particularly during boreal spring and summer; 

whereas the impact of the Atlantic interhemispheric mode is considerably 

weaker. Regarding the anomalous latitudes of the ITCZ, the influence can 

come from both local, i.e., the Atlantic interhemispheric and equatorial modes, 

and remote forcings, i. e., El Niiio; however, a direct impact of El Niiio on 

the latitudes of the ITCZ can only be found during April-July, not in win- 

ter and early spring in which the warmest SST anomalies are usually observed 

in the equatorial Pacific. 
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1. Introduction 

Tropical convection and rainfall in the Atlantic basin exhibit intense variations on var- 

ious time scales [e.g., Nobre and Shukla, 1996; Giannini et  al., 2001a, b; Chiang et al., 

2000; Chiang et al., 20021. A narrow band of deep convection and rainfall manifesting the 

Atlantic Intertropical Convergence Zone (ITCZ) is usually observed north of the equator 

with the northeasterly and southesterly trade winds converging into it. This narrow band 

of rainfall or the ITCZ appears primarily over open ocean, but extends to the northeast 

coast of tropical South America during boreal spring and to the West African continent 

in boreal summer, roughly following the seasonal movement of warm sea surface temper- 

ature (SST) (> 27.C) [Figure 11. The fluctuations in the ITCZ’s intensity and location 

may thus be closely connected to rainfall variability both in the tropical Atlantic basin 

and over the two neighboring continents [e.g., Nobre and Shukla, 1996; Grist and Nichol- 

son, 20011. Exploring the ITCZ variability can hence provide a reasonable and feasible 

-1 

perspective- to Atlantic climate variability regarding the ITCZ-associated convection and 

rainfall and atmospheric circulation anomalies. 

Previous studies showed a close link between the anomalies in the strength and latitude 

of the Atlantic ITCZ and global SST anomalies [e.g., Hastenrath and Greischar, 1993; 

Nobre and Shukla, 1996; Uvo et al., 1998; Giannini et al., 2001bl. Two anomalous SST 

patterns in the tropical Atlantic are considered to be the major local forcings on inter- 

annual to interdecadal time scales [e.g., Carton and Huang, 1994; Enfield et al., 1999; 

Servin e t  al., 19991. The first is similar to, but much weaker than the Pacific El Niiio, and 

occurs near the equator and peaks primarily during boreal summer [e.g., Zebiak, 1993; 

Carton and Huang, 1994; Ruiz-Bumadas et al., 20001. A southward shift of convection and 
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rainfall occurs during the warm phase of the event with evident atmospheric circulation 

anomalies [e.g., Ruzz-Bumadas et al., 2000; Wang, 20021, e.g., weaker trade winds in the 

tropical western Atlantic, and a weakened Atlantic Walker cell but a strengthened local 

Hadley cell. This SST anomaly feature is usually named the Atlantic equatorial mode or 

the Atlantic Niiio despite that it is a damped mode unlike the Pacific El Niiio [Zebiak, 

19931, and may itself be strongly modulated by the tropical Pacific [e.g., Delecluse et al., 

1994; Latzf and Grotzner, 20001. The second SST anomaly pattern is characterized as 

an out-of-phase SST anomaly between two regions: one is the northern tropical Atlantic 

(5" - 25"N) and the other the southern tropical Atlantic (5" - 25"s). This out-of-phase 

SST anomaly is manifested as a cross-equatorial SST gradient reaching its maximum in 

boreal spring [ e.g., Hastenruth and Greischar, 1993; Nobre and Shukla, 19961, though 

the causal relations within this dipole-like phenomenon have been statistically challenged 

[e.g., Houghton and Tourre, 1992; Enfield et al., 19991. As a dominant interdecadal oscil- 

lation in the tropical Atlantic [e.g., Ruiz-Barradas et al., 20001, this SST gradient mode 

might effectively impact the migration of the Atlantic ITCZ [e.g., Nobre and Shukla, 19961. 

Anomalously warm (cold) north/cold (warm) south SST configuration could induce an 

anomalous northward (southward) shift of the ITCZ and then cause drought (flood) in 

northeast tropical South America [e.g., Wagner, 19961. 

In addition to the local SST modes, two other remote forcings have also been recognized 

[e.g., Deque and Seruin, 1989; Curtzs and Hastenrath, 1995; Enfield and Mayer, 1997; Xie 

and Tunzmoto, 19981: (i) The North Atlantic Oscillation (NAO) and related atmospheric 

circulation anomaly in the higher latitudes had shown impact on the tropical Atlantic SST 

and atmospheric large-scale circulations [e.g , Deque and Serum, 1989; Xze and Tanimoto, 
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1998; Wang, 20021, while this impact was not consistently confirmed by other studies 

[e.g., Ruiz-Barradas et al., 20001. (ii) The Pacific El Niiio event can have influence on the 

Atlantic ITCZ and the SST in the northern tropical Atlantic [e.g., Curtis and Hastenruth, 

1995; Enfield and Mayer, 1997; Ruzz-Barradas et al., 20001. Two distinct mechanisms 

were proposed [e.g., Chzang et al. , 20021. One is the Pacific-North-American atmospheric 

teleconnection (PNA) passing through the midlatitudes [e.g., Nobre and Shukla, 19961. 

Anomalous SST warming often appears in the north tropical Atlantic about one season 

after the peak month of El Niiio, likely caused by weakened trade winds. The other is the 

anomalous Walker circulation forced directly by diabatic heating anomalies in the tropical 

Pacific [e.g., Saravanan and Chang, 2000; Chiang et al., 20021. Anomalous warm (cold) 

tropospheric temperatures following the warm (cold) ENS0 spread across the tropical 

troposphere, and tends to stabilize (disturb) the atmosphere and hence suppress (enhance) 

precipitation in the tropical Atlantic [e.g., Chiang et al., 2002; Chiang and Sobel, 20021. 

Chzang et al. [2002] mentioned both mechanisms related to El Niiio, and showed that a 

strong anomalous Walker cell during the El Niiio causes negative rainfall anomalies in the 

tropical Atlantic. Local SST gradient mode was also discussed in their study. An anoma- 

lous warm north/cool south SST pattern manifesting a strong northward SST gradient 

can effectively shift the Atlantic ITCZ to the north. The physical pictures associated with 

these changes were explored by further documenting the ITCZ variability’s seasonal de- 

pendence, sensitivity to small anomalous SST gradients, and possible modulations of the 

SST anomalies. The most interesting part in their work is that the variations of Atlantic 

ITCZ quantified by monthly precipitation, rather than SST anomalies as in most previous 
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studies [e.g., Curtzs and Hustenrath, 1995; Nobre and Shukla, 1996; Sutton et al., 20001, 

are concentrated. 

Chiang et al. [2002] however did not discuss the role of the Atlantic equatorial mode 

in the ITCZ variability. They primarily focused on the boreal spring in which the most 

intense interannual to interdecadal variability is usually found. The Atlantic equatorial 

mode usually becomes active during boreal late spring and summer, and modulates con- 

vection and rainfall in the equatorial region [e.g., Sutton et al., 2000; Ruzz-Barradas et 

al., 20001. Also, intense tropical weather and rainfall systems, such as African easterly 

waves and tropical cyclones, frequently appear along the Atlantic ITCZ during boreal 

summer. These systems have shown evident interannual variability [e.g., Thorncroft and 

Rowell, 1998; Landsea et al., 1999; Gu et al., 20031. Hence quantifying rainfall variability, 

especially the ITCZ variablity during boreal summer and fall may provide some clues 

to understanding these variabilities, specifically the variability in West African Monsoon 

system and Atlantic hurricane activity [e.g., Janzcot et al., 1998; Landsea et al., 19991. 

Therefore, instead of only focusing on boreal spring, rainfall variability in all seasons 

will be investigated here. We focus our attention on interannual rainfall variability in 

the tropical Atlantic and particularly the Atlantic ITCZ-related variability. Seasonal 

dependence will be explored according to  the dominant local and remote SST forcing 

modes. Our objectives are (1) to document the correlations between rainfall and SST 

modes, (2) to investigate the seasonal dependence of rainfall variability, and ( 3 )  hence to 

explore physical mechanisms that may explain the major features of the Atlantic ITCZ 

on the interannual to interdecadal time scales. 
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The datasets used in this study are introduced in section 2. Seasonal rainfall variation 

in the tropical Atlantic is described in section 3. Rainfall variability on the interannual 

time scale is then quantified with a specific focus on the Atlantic ITCZ represented by 

monthly rainfall. The relationships between rainfall and SST anomalies are investigated 

in section 4. Summary and discussions are given in section 5. 

2. Data 

A 25-year (1979-2003) monthly mean rainfall dataset from the Global Precipitation 

Climatology Project (GPCP) is used to quantify the Atlantic ITCZ and rainfall variability. 

On a global 2.5" x 2.5" grid, the data is combined from various information sources [Adler 

et al., 20031: the infrared (IR) rainfall estimates from geostationary and polar-orbiting 

satellites, the microwave estimates from Special Sensor Microwave/Imager (SSM/I) , and 

surface rain gauges from the Global Precipitation Climatological Centre (GPCC), 

The SST anomalies and related SST modes in both the tropical Atlantic and Pacific 

Oceans are estimated using a 22-year (1982-2003) monthly mean SST dataset [Reynolds 

and Smith, 19941. This dataset is archived on I" x 1" grids. 

3. Variability and Structure of Rainfall Anomalies 

3.1. Seasonal Variation 

Seasonal mean rainfall in the tropical Atlantic basin and neighboring continents is shown 

in [Figure 11 together with the seasonal mean SST. A narrow band of rainfall over open I Figure 1 I 
ocean manifesting the marine ITCZ can be seen year-round, roughly over the regions 

with higher SST (2 27°C). During boreal winter and spring, the marine ITCZ is weaker 

and located near the equator. It becomes much stronger in boreal summer and fall as it 
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moves away from the equator to reach its northernmost position, concomitant with the 

occurrence of an equatorial cold tongue. Interestingly, the warmest SSTs however occur 

during March-May. Particularly, the warm SSTs (2 29°C) in the eastern Atlantic basin 

(east of about l0"W) during this season correspond to the peak rainfall season near the 

Gulf of Guinea in June [e.g., Gu a n d  Adler, 20041. 

Seasonal variations of rainfall are evident over land. Convection and rainfall over West 

Africa (west of about 10"E) show a quite similar seasonal cycle as the marine ITCZ. No 

significant rainfall occurs during'boreal winter, though a weak rainy zone is located in 

the eastern tropical Atlantic connecting the marine ITCZ and the large area of rainfall 

over the southern part of the African continent. Convection and rainfall peak in boreal 

summer over West Africa. A similar seasonal cycle existing in rainfall over West Africa 

as in the marine ITCZ probably suggests a strong seasonal modulation by the Atlantic 

Ocean in addition to other factors such as land surface forcing. Using recently-archived 

satellite observations, Gu a n d  Adler [ZOO41 detailed the seasonal evolution pattern of the 

entire coupled system in the tropical eastern Atlantic and West Africa, and emphasized 

the influence of SST and its related dynamic forcing on seasonal rainfall variability near 

the Gulf of Guinea. 

Convection and rainfall over tropical South America, however, exhibit a quite different 

seasonal-evolution pattern likely due to  distinct geographical configurations. Most intense 

convection and rainfall appear during boreal winter, covering a large area of the continent 

mostly south of the equator; the major rainfall area gradually moves to the north forced 

by the seasonal march of insolation on the earth; convection and rainfall become weaker 

in boreal summer and fall as the major rainy zone approaches and crosses the equator; in 
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particular, a narrow east-west band structure of rainfall can not consistently be observed, 

showing a rainfall pattern distinct from the marine ITCZ. Thus, seasonal march of rainfall 

over South America might primarily be controlled by land-surface processes as expected, 

whereas the oceanic impact may become important during boreal spring in which the 

marine ITCZ moves close to the equator and becomes more connected with convection 

over land. 

To limit the effects of land-surface processes, here we primarily focus on the marine 

ITCZ defined by mean rainfall between 15"" - 37.5"W, though the possible impact of 

convection over land on the marine ITCZ may still exist. The position and strength of 

the ITCZ are represented by the latitude and magnitude of maximum precipitation, re- 

spectively. The basin-mean rainfall (17.5"s - 22.5"N7 15" - 37.5"W) is further calculated 

to assess the total rainfall variability in the tropical Atlantic basin and for a comparison 

with the ITCZ strength. The 25-year mean seasonal cycles are then estimated for these 

three quantities [Figure 21. Compared to  Figure 1, Figure 2 illustrates a more quanti-. -1 
tative description of seasonal variations in the tropical Atlantic. The ITCZ attains its I Figure 11 

I Figure 21 
southernmost (northernmost) position during March-April (July-August) . Rainfall in- 

tensity represented by both the ITCZ strength [solid line in Figure 21 and basin-mean -1 
rainfall [dashed line in Figure 21 reaches their peaks in August, and becomes weakest dur- 

ing January-February. It is interesting to  note that the ITCZ strength and basin-mean 

I Figure 21 

rainfall generally follow each other, though there is a second peak in May for the latter 

probably due to a relatively scattered structure of the ITCZ during this time period, 

particularly in the western tropical Atlantic [Figure 11, and the appearance of a southern 

branch of the ITCZ [Liu and Xie, 2002; Grodsky and Carton, 20031. 

I Figure 11 
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3.2. Interannual-to-Interdecadal Variability 

Seasonal mean interannual variances of rainfall and SST are shown in Figure 3. Most 

intense variances of precipitation are observed during boreal winter and spring, and tend 

1 Figure 3 I 

to be located in the west basin and over the northeast coastal region of South America. 

During boreal summer, the maximum variance zone moves to  the north following the 

movement of the ITCZ, but becomes relatively weaker than in the earlier seasons. The 

least rainfall variances are observed during boreal fall. This seasonal evolution pattern 

is basically consistent with past discoveries [e.g., Hastenrath and Greischar, 1993; Nobre 

and Shukla, 19961. Compared to  rainfall variances, SST variances tend to be located 

in the east side of the basin. Furthermore, during boreal winter and spring, no strong 

variances can be observed near the equator. Evident equatorial SST variances can only be 

seen during boreal summer, probably corresponding to the anomalous warm/cold events 

occuring every 2-4 years [e.g., Zebzak, 19931. SST variances seem to be passive responses 

, 

to the atmospheric anomalies mostly originating in the western ,portion of the basin. 

However, the modulations of rainfall variability by SST anomalies can also be deduced. 

For instance, intense rainfall variances near the Gulf of Guinea during June-August are 

clearly reflecting SST variabilities associated with the Atlantic equatorial mode. 

To further explore rainfall variability on interannual and/or longer time scales, three 

anomaly time series corresponding to the ITCZ strength [solid line in Figure 4a], the ITCZ 1-1 
position [Figure 4b], and the basin-main rainfall [dashed line in Figure 4a] are constructed -1 

I Figure 4al by subtracting their respective mean seasonal cycles, and denoted as Pitcz, La&, and 

Pdm, respectively [Figure 41. 

3.2.1. Spectral Decomposition. 
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Interannual variability in Pitcz, Latitcz, and Pdm is evident. Global wavelet power spectra 

are estimated and shown in Figure 5 [Torrence and Compo, 19983. A strong power peak 

stands out within a period range of 2 - 6 years in these three time series. Pitcr even has 

two separate power peaks within this period range [solid line in Figure 41. Two other I Figure 41 

peaks appear within the period ranges of 1 - 2 and 8 - 11 years, respectively, but are 

discernible only in Latitcz and Pd,. These spectral peaks strongly suggest the existence 

of interannual to interdecadal variability in rainfall as in SST anomalies in the tropical 

Atlantic [Figure loa; Tourre et. al, 1999; Latzf and Grotzner, 20001. Further discussions 1- 
on SST anomalies and possible relations with rainfall variability are given in next section 

Using a wavelet filtering procedure [ e.g., Torrence and Compo, 19981, variances of rain- 

fall anomalies in the tropical Atlantic basin are further estimated within three specific 

period bands, i e . ,  1 - 2, 2 - 6, and 6 - 12 years [Figure 61. Within the period bands 

of 1 - 2 and 6 - 12 years, the variances tend to stay away from the region of 0 - 2.5'8' 

with one maximum around 5'hT and the other south of the equator covering part of the 

coastal region of northeast South America. For the 1 - 2 year period band, there is a 

third maximum just north of the equator along the northeastern coast of South America. 

In contrast, rainfall variance of 2 - 6 years shows a distinct spatial pattern. The large 

area of variance tends to be concentrated at or just north of the equator, with two major 

maxima being seen with one over open ocean and the other in the coastal region. Totally 

different spatial patterns between those corresponding to rainfall variability within the 

2 - 6 (interannual) and 6 - 12 (interdecadal) year periods may imply different physical 

mechanisms and/or distinct relationships with SST anomalies. Past studies recognized 

that various SST anomaly features exist on both time scales in the tropical Atlantic [e.g., 

I Figure 6 I 
L_ 
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Tourre et. al, 1999; Ruiz-Barradas et al., 20001. It is further noted that the northeast 

South American region experiences rainfall variability on all three time scales, suggesting 

a complicated modulation probably by both the Atlantic and Pacific [e.g., Wainer and 

Soares, 1997; Uvo et al., 19981. It also needs to be mentioned that the variances within 

these three period bands are negligible over West Africa compared to those over South 

America and open ocean. As indicated in Figure 3, evident interannual rainfall variances 

near Africa can only be seen during June-August and tend to be near the Gulf of Guinea. 

3.2.2. Seasonal Dependence. 

Domain-mean variance of rainfall anomalies (Ptdm) in the tropical Atlantic (17.5"s - 

22.5"N, 150 - 37.5"W), and variances of Pitcz and Latit, are further depicted in Figure 7 

as a function of month. As in Figure 3, evident seasonal dependence is shown, particularly 

in variances of Ptdm and Latitcz. For them, the largest (smallest) variances appear during 

boreal spring (fall), consistent with past results [e.g., Chiang et al., 20021. However, 

variance of Pzlcz shows a complicated and different seasonal preference. In addition to a 

peak in April, two other ones occur during January and July-August, respectively. This 

may imply during these months some large-scale modes appear to modulate the ITCZ 

intensity, but can not effectively influence the total amount of rainfall and the position of 

the ITCZ. More discussions will be given in next section. 

Chiang et al. [2002] discussed the interdependence between the ITCZ strength and 

position. The two are significantly, negatively correlated in several months, i. e., January, 

April, May and July. More (less) rainfall appears as the ITCZ stays farther south (north), 

quite different from the ITCZ variability on seasonal time scale [Figures 1 and 21. Because 

of the strong seasonal dependence of interannual-to-interdecadal variances [Figure 71 and 

I Figure 3 I 

I Figure 31 
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a different dataset used here than in Chiang et al. [2002], linear correlations between Pitcz 

and Latit,, [dashed line in Figure 81, and between Pdm and Latitcz [solid line in Figure 81 

are calculated. As expected, significantly negative correlations between Pitcz and Latitcz 

appear during boreal spring. Different than in Chiang et al. [2002], significant correlations 

can also be seen in July and October. We call this phenomenon the ITCZ's self-correlation. 

Furthermore, a stronger and more consistent interdependence can be found between Pdm 

and Latitcz. The correlation coefficients between these two parameters above the 5% 

confidence level last from February to  July, which might suggest that anomalous positions 

of the ITCZ are more associated with basin-mean rainfall anomalies than the ITCZ's 

strength due to its somewhat scattered structure in these months [Liu and Xze, 2002; 

Grodsky and Carton, 20031. 

4. Relationships between Rainfall and SST Anomalies 

In last section interannual rainfall variability was examined by a spectrum analysis and 

a further decomposition into three components within interannual to interdecadal period 

bands. Here, we are focusing on relating rainfall anomalies in the tropical Atlantic to the 

known SST modes in both the tropical Pacific and Atlantic. 

Three SST anomaly time series are constructed to represent the Pacific El Niiio (N ino3)  

[solid line in Figure 9.1, Atlantic Niiio (AtZ3) [dashed line in Figure Sa], and Atlantic inter- 

hemispheric mode ( T N A  - T S A )  [Figure 9b]. These three modes are generally considered 

to be the major, somewhat competing factors modulating climate variability in the basin 

-1 
)Figure[ 

[e.g., Servain et al., 1999; Ruiz-Barradas et aZ., 2000; Wang, 20021. Nino3 and At13 are 

defined as the mean SST anomalies within the domains of 5"s - 5"N, 9O"W - 150"W, and 

4"S--4"N, Oo-20"W, respectively; TNA-TSA is denoted as the difference of SST anoma- 
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lies between the two domains in the tropical Atlantic, i e . ,  5"N - 25"N, 16"W - 56"W 

(tropical north Atlantic), and 5"s - 25"S, 10"E - 30"W (tropical south Atlantic). T N A  

(TSA) represents the domain-mean SST anomalies in the tropical north (south) Atlantic. 

4.1. Spectral Decomposition of SST Anomalies 

Prior to exploring the association of rainfall variability with these SST modes, the 

behaviors of SST anomalies are first decomposed using a wavelet analysis. Wavelet power 

spectra of the three SST time series and the mean spectrum of the SST anomalies in the 

tropical Atlantic are shown in Figure 10. For AtZ3, two strong power peaks appear within 

the period bands of 2 - 6 (interannual) and 7 - 12 (interdecadal) years, respectively, with 

another peak of 1-2 years (interannual). TNA-TSA shows a different power distribution 

with two separate peaks in the period band of 2 - 6 years, one around 2.5 years and the 

other around 5 years; also, its interdecadal power peak shifts to about 7.8 years. Mean 

spectral power of SST anomalies in the tropical Atlantic basin (20"s - 20"N, 15" - 38"W) 

shows a similar distribution as for T N A  - TSA,  whereas the mean interdecadal power 

-1 

peak becomes much stronger than its interannual counterparts showing its dominance. 

These power peaks are generally consistent with past results [e.g., Tourre et al., 1999; 

Ruiz-Barradas et  al., 2000; Andreoli and Kayano, 20041. In contrast, Nino3 shows only 

one power peak in the interannual period band [Figure lob], indicating its preferred single 

period range of El Niiio/La Nina [e.g., Rasmusson and Carpenter, 19821. 

Spatial distributions of SST variances within the three period bands are calculated 

[Figure 111, again based on the wavelet filtering of SST anomalies [e.g., Torrence and I Figure 11 I 
Compo, 19981. Within the 1-2 year period band, two large areas of SST variances are 

observed. One is north of the equator right off the coast of West Africa; the other is 
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mostly south of the equator with a maximum between 10"s - 20"s off the African coast. 

SST variances within the period band of 6-12 years also show two favored regions. One is 

north of 10"N near the West African coastal region; the other is between 0-5"S, extending 

from about 25"W to the African coast. Interestingly, these two modes tend to stay away 

from the latitude band of 0 - 5"N, similar as found in rainfall variances [Figure 6a, c]. 

Within the 2-6 year band, three major areas of SST variances can be found. The first p&G-G 
area is north of the equator and the maximum variance tends to be near the West African 

coast. The second is south of the equator near the African coast, roughly covering the 

eastern Atlantic from 0 to 20"s. The existence of large SST variance of 2-6 year period in 

this area, together with the signals within the 1-2 year period might indicate the activity 

of Benguela Niiio discovered in past studies [e.g., Florenchie et al., 2003; Florenchie et al., 

20041. The third large SST variance area is right across the equator with a maximum at 

about 1O"W. Compared to previous results [e.g., Ruiz-Barradas et  al., 2000], this mode 

might be the dominant part of the Atlantic equatorial mode (or the Atlantic Nifio). ' 

Further compared to rainfall anomaiies [Figure 61, SST shows a quite different spatial -1 
pattern of variances as found in Figure 3. Large interannual-to-interdecadal SST variances 

appear mostly in the eastern part of the basin [e.g., Carton et  al., 19961. This rainfall-SST 

contrast configuration is- much more evident than in the tropical Pacific [e.g., Wallace et 

al., 1998; Hoerling and Kurnar, 20021, and may thus suggest a different relationship in the 

Atlantic between SST and rainfall on interannual and interdecadal time scales. A weaker 

equatorial mode in the Atlantic and its preferred summer season, unable to force enough 

strong in situ convection and rainfall anomalies as in the central and eastern equatorial 

Pacific, are probably two of the major reasons. 
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4.2. Seasonal Correlations between SST Indices 

Weak correlation between Nino3 and At13 has been shown in past studies [e.g., Ruiz- 

Ban-adas et al., 2000; Wang, 20021. There is also no clear evidence of the connection 

between Nino3 and T S A  [e.g., Enjield and Mayer, 19971, while T N A  has been shown to 

be related to ENSO [e.g., Curtis and and Hastenrath, 19951. Regarding strong seasonal 

dependence [not shown; e.g., Chiang et al., 2002; Wang, 2002J, we examine the impact of 

El Nifio on the Atlantic modes (AtZ3 and T N A - T S A )  by means of estimating correlation 

coefficients at each individual month [Figure 12a, b], rather than computing the coefficients 

between the entire time series. Significant correlations between Nino3 and At13 can be 

found during April- June, suggesting the possible external modulation of the Atlantic 

equatorial mode during this season [e.g., Delecluse et al., 1994; Latzf and Grotzner, 20001. 

The interhemispheric mode is also impacted by anomalous activities in the tropical eastern 

Pacific, with a strong correlation with Nzno3 during March- June. A strong lag-correlation 

between these two via PNA has already been shown in previous studies [e.g., Lanzante 

, 1996; EnJieZd and Mayer, 19971. Contemporaneous correlation between Nino3 and 

T N A - T S A  tends to imply the ENSO events may also directly influence either component 

of T N A  - T S A  via anomalous Walker circulation in addition to their remote modulation 

of T N A  through midlatitudes. 

Within the tropical Atlantic, At13 and T N A  - T S A  are significantly correlated in 

January and during April-July [Figure 12~1, roughly in agreement with past studies [e.g., (Figure] 
Servain et al., 19991. This relationship could be understood since At13 may actually 

represent part of the variability in the south tropical Atlantic [strong correlation can 

readily be found between At13 and T S A  (not shown)], despite that the maximum variances 
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of these two appear in different seasons, that is, during May-July and January-May, 

respect,ively (not shown). 

4.3. Correlations of SST Indices with Rainfall Anomalies and the ITCZ 

Contemporaneous linear correlations between the time series of rainfall and SST anoma- 

lies are calculated [Table 11. Both ENSO (Nino3) and the Atlantic equatorial mode (AtZ3) -1 
show significant impacts on rainfall anomalies in the tropical Atlantic region, though the 

signs of their impact are always opposite. The warm (cold) events in the tropical central- 

eastern Pacific tend to suppress (enhance) rainfall in the Atlantic [e.g., Saravanan and 

Chang, 2000; Giannini et aE., 2001b; Chiang et al., 20021; in contrast, the warm (cold) 

phase of the Atlantic equatorial mode tends to enhance (decrease) rainfall in the basin. 

Furthermore, the Atlantic equatorial mode seems to influence the latitudes of the At- 

lantic ITCZ. Warmer (colder) SST in the deep tropics can move the ITCZ southward 

(northward). This mode can thus be one of the important factors modulating summer 

rainfall variability over West Africa [e.g., Janicot et aZ., 19981, particularly near the Gulf 
, .  

of Guinea. However, the correlation between Nino3 and Latitcr is not statistically sig- 

nificant, showing a much weaker simultaneous impact of ENSO, inasmuch as it could 

still influence the latitudes of the ITCZ via another means by modulating the tropical 

north Atlantic SST several months later [e.g., Curtis and and Hastenrath, 1995; Nobre 

and Shukla, 19961. In addition, AtZ3 and Nino3 are significantly, negatively correlated 

during April- June [Figure 12a], forming a much more complicated pattern. -1 
SST anomalies in either north or south tropical Atlantic are not significantly correlated 

to rainfall and ITCZ indices. However, their difference ( T N A  - TSA) representing the 

Atlantic interhemispheric mode shows a significant correlation with Latitcz suggesting 
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strong impact on the positions of the ITCZ. Anomalous latitudes of the ITCZ during 

boreal spring are closely related to anomalous rainfall patterns in northeast Brazil [e.g., 

Nobre and Shukla, 19961. Nevertheless, T N A  - TSA shows much weaker correlation with 

either P d m  or Pitcr, suggesting its limited direct forcing of rainfall anomalies in the tropical 

Atlantic. 

Seasonal dependence of the relationship between SST modes and rainfall anomalies 

are further explored by computing correlation coefficients as a function of month [Fig- 

ures 13 and 141. Nzno3 is strongly correlated with both Pitcz and Pdm during January- 

February and April- July [Figures 13al. Particularly, during April- July the correlation 

between Nzno3 and Pdm is consistently stronger than between Nino3 and Pitcz, indicat- 

ing a widespread modulation of rainfall in the tropical Atlantic by the tropical Pacific 

[e.g., Chiang et al., 20021. Significant 

Latztcz during April-July [Figure 14a]. 

ITCZ locations by the ENS0 events. 

correlations are also observed between Nino3 and 

This seems to  suggest seasonal modulations of the 

However, we have to note that the intensity and 

position of the ITCZ themselves are strongly correlated with each other during this period 

[Figure 81. It is thus possible that this ITCZ's self-correlation contributes a lot to seem- 

ingly direct modulation of Latitcz by Nino3. From Figure 13a, we can also find that in 

March the correlation between Nino3 and rainfall anomaly indices is weak as discovered 

before [e.g., Uvo et al., 1998; Chiang et al., 20021. 'Neither Pitcr nor Pdm is significantly 

correlated with Nino3 in this month. 

Correlations between At13 and Pdm are consistently above the 5% confidence level during 

April-September [solid line in Figure 13b], showing a strong impact of the AtIantic equa- 

torial mode on rainfall variability during this period in which the warmest SST anomalies 

I Figures 1: 

I Figures 1: 

I Figure 14al 

I Figure 13al 
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are usually observed in the equatorial region. Correlations of Pitcz with At13 are rela- 

tively weaker [dashed line in Figure 13b]; the correlation coefficient becomes statistically 

significant only in April and during July-August. Regarding At13 and Latitcz, significant 

correlations appear in several months: November-February and April- June [Figure 14b], 

implying anomalous latitudes of the ITCZ accompanying rainfall anomalies. Particularly 

during November-February, warm (cold) events can be seen in the equatorial Atlantic 

[Figure 9; Wang, 20021, while they seemingly can not effectively induce much rainfall 

anomalies [Figure 13b]. 

As indicated in Table 1, only weak correlations can be found between TNA - T S A  

and rainfall indices, ie., Pztcz and P d ,  [Figure 13~1. Correlation coefficients above the 

5% confidence level appear only in two months: April and October. However, consistent, 

significant correlations between T N A  -TSA and LutZtcz are observed during boreal spring 

and early summer with only one exception: March lFigure.14~1. The results enhance the 

argument that during boreal spring the Atlantic interhemispheric mode could effectively 

impact the latitudes of the ITCZ but have much less influence on the magnitude of rainfall 

anomalies in the tropical Atlantic. 

4.4. Composites 

To further quantify large-scale rainfall and sea surface anomalies, composite anomaly 

patterns are constructed on the basis of the extreme (warm) events deduced from Nino3 

and At13. The interhemispheric mode ( T N A  - T S A )  will not be discussed here for its 

associated anomaly composite maps have been given and thoroughly discussed in Chiang 

et al. [2002]. Anomalous surface winds are derived using zonal and meridional 1000 mb 

wind components from the NCAR/NCEP Reanalysis project [Kulnay et aE., 19961. 

I Figure 13bl 

I Figure 14bl 

-1 
1 Figure 13b) 

m 
I Figure 13cl 

I Figure 14c1 
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4.4.1. Pacific El Niiio. 

During 1982-2003, five warm events are observed in the tropical eastern Pacific [solid 

line in Figure Sa]: 1982/1983, 1986/1987, 1991/1992, 1997/1998, and 2002/2003. Since -1 
warm SST quickly disappeared during the spring of 2003, the composite only includes 

other four events, same as in Chiang e t  al. [2002]. Regarding the peak months of El 

Niio and seasonal dependence of variations in the tropical Atlantic, the composite maps 

of rainfall, SST, and surface wind anomalies are calculated for January-June of the next 

years, that is, 1983, 1987, 1992, and 1998. 

The composite maps are generally similar a s  in Chiang et al. [2002]. However, monthly 

evolution patterns rather than two-month averages are given here, which are expected 

to provide more detail. Intense negative rainfall anomalies appear in January, covering 

much of northeast South America and extending across the tropical Atlantic [Figure 151. 
, 

Negative rainfall anomalies weaken in February, and reach the weakest in March, but 

become strong again in April and May. Also, in April and May, positive values appear , %  

north of the equator, forming a dipole feature in the west basin. Chiang et al. [2002] 

mentioned this feature and proposed that it may be due to the anomalous northward 

movement of the ITCZ during this season. A positive rainfall peak can even be seen 

around 22"N, 60"W as discovered in Sarawanan and Chang [2000] and Chiang et al. 

[2002]. Concomitantly another positive peak appears south of the equator about 26"S, 

52"W, roughly the location of the South Atlantic: convergence zone (SACZ) [e.g., Barreiro 

et al., 20021, suggesting the impact of El Niios [e.g., Trenberth et al., 19981. 

Different from rainfall anomalies, very weak surface wind anomalies occur in the equa- 

torial region in January, and strong wind anomalies tend to stay away from the equator. 
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Cross-equatorial (southeasterly) wind anomalies become strong from February, first ap- 

pearing in the western Atlantic and extending to the eastern basin. Most intense south- 

easterly anomalies occur in April and May. 

North of the equator, since January SST becomes warmer near the West African coast 

and gradually encroaches the central-western part of the basin. Warmest SST is observed 

in March, though the warmer region continuously extends to the west in April and May. 

SST anomalies there attain their peak in March, but become weaker thereafter. South of 

the equator, negative SST anomalies appear off the Angola and Namibia coasts around 

20"s from February. Anomalous warm and cold events in this region, similar to, but 

much weaker than the Pacific El Niiio, have been documented [e.g., Florenchie et al., 

2003; Florenchie et al., 20041. Negative SST anomalies extend to the equatorial region in 

April. Until May most evident negative SST anomalies can only be observed along the 

equator; furthermore, a prominent dipolar structure of SST anomalies shows up across 

the tropical Atlantic since April. It is also noted that there is a one-or-two-month iag 

between SST anomalies along the equator and near the Angola and Namibia coasts. This 

lag may indicate a causal connection between the Atlantic Niiio and Benguela Niiio. 

I 

A detailed, coherent seasonal evolution pattern of various anomalies can thus be drawn 

from Figure 15. Warm SSTs in the eastern Pacific associated with El Niiio peaking in 

boreal winter force strong negative rainfall anomalies in the tropical Atlantic and northeast 

South America via anomalous Walker circulation and tropospheric warming as claimed in 

past studies [e.g., Chiang et al., 2002; Chiang and Sobel, 20021. This is clearly supported 

by the lack of evident equatorial surface wind anomalies in January. Chiang et al. [2002] 

carefully justified the Walker mechanism through their analyses. Remote modulations of 
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SST in the north tropical Atlantic by El Niiio can be observed following the tropical Pacific 

warming with a peak'in March. It is thus possible that the evident decrease of (negative) 

rainfall anomalies from January to March is due to  a competition of anomalous Walker 

cell and gradually warmed SST north of the equator. Consequently, warm SST takes 

control in the tropical north Atlantic, while direct impact of Pacific El Niiio continues 

to be felt in the equatorial region, enhanced by the negative SST anomalies which begin 

to appear along the equator in April. In May a strong cross-equatorial SST grandient 

is built up pushing the ITCZ to  the north. This evolution feature may also account for 

the weak correlation between SST (Nino3) and rainfall indices in March [e.g., Uuo et al., 

19981, in that March turns out to be right in the middle of the transition originated from 

the Pacific. 

4.4.2. Atlantic Equator ia l  Mode. 

Atlantic Niiio can effectively modulate regional large-scale atmospheric circulation cells 

and West African rainfall variability [ e .g . ,  Wang, 2002; Janzcot et al., 19981, though it 

is much weaker than its Pacific counterpart and may not be self-sustaining [e.g., Zebiak, 

1993; Carton and Huang, 1994; Ruiz-Barradas et al., 20001. During 1982-2003, nine warm 

events are observed based on AtZ3 2 +0.5"C in at least three consecutive months [dashed 

line in Figure 981. The peak months are September 1984, July 1987, June 1988, November 

1993, June 1995, June 1996, January 1998, July 1999, and August 2003. Excluding 1993, 

I Figure 9a I 

the identified warm events are generally consistent with Wang [2002], though he applied a 

different threshold of +0.7"C. Since we intend to focus on boreal summer, the peak month 

composites are constructed only based on eight warm events [Figure 161: 1984, 1987, 1988, I Figure 16 1 
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1995, 1996,1998, 1999, and 2003. That 1998 is included is because the consistent warming 

extended from winter to summer, though its peak month is January. 

A band of positive rainfall anomalies appears across the equator and tends to be lo- 

cated in the east basin. Negtive rainfall anomalies, though weak, are found north of it and 

near the coast of West Africa. Accompanying rainfall anomalies, cross-equatorial north- 

westerly to equatorial westerly wind anomalies are observed with a large area of warm 

SST occupying the eastern equatorial region just south of West African continent. This 

coherent spatial pattern is consistent with other studies and indicates a relatively strong 

dynamic coupling during Atlantic Niiios [e.g., Ruiz-Barrudas et  al., 20001, as proposed in 

past studies [e.g., Zebiuk, 19931. 

Further detailed examinations of anomalous fields, however, show distinct seasonal evo- 

lution patterns for these individual warm events (not shown), implying that Atlantic Niiio 

can be induced by different mechanisms. One or two months before the peak warm month, 

rainfall and surface wind anomaly features can be totally different. An evident example 

is illustrated in Figure 17. In June 1987 (one month before the peak month), evident neg- 

ative rainfall anomalies occurred over the tropical Atlantic basin, in contrast to intense 

positive rainfall anomalies in May 1988, reflecting distinct situations in the equatorial Pa- 

cific [anomalous warm (cold) in 1987 (1988)l and opposite response in the tropical Atlantic 

during boreal spring. Though relatively weaak, anomalous warm SSTs in the tropical east 

I Figure 17 I 

Atlantic appeared in the following months in both years. It thus seems that the tropical 

Atlantic has similar response during boreal summer to  the two distinctly different remote 

forcings. Further examination of seasonal evolution patterns in 1987 indicated part of the 

equatorial warmer water came from the north Atlantic which was probably excited by the 
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Pacific during boreal spring [e.g., Curtis and Hastenruth, 19951. It is therefore misleading 

to construct composite maps of seasonal evolution for all Atlantic Niiio events. To explore 

the origins and mechanisms of Atlantic Nifio, detailed case studies are necessary. 

Past studies argued that Atlantic Niiio might be connected to the tropical Pacific 

through intense modulations of ENS0 on the tropical Atlantic basin during boreal spring 

[e.g., Delecluse et al., 1994; Latif and Grotzner, 2000]. EquatoriaI SST anomalies along 

the equator become strong only after May, and may thus be a time-lag remote, oceanic 

response to the rainfall and surface wind anomalies in the western portion of the basin 

[e.g., Zebzak, 1993; Florenchie et al., 20041. From 1982 to 2003, all four cold events (in 

1982, 1983, 1992, and 1997) occuring in the equatorial Atlantic follow the anomalous warm 

events in the Pacific; except for 1985, the other three evident La Niiias in the Pacific are 

followed by Atlantic Niiios. This might be the reason for high correlations between Nino3 

and Atl3 during early summer [Figure 12a]. Also, it seems to suggest a close relationship 

between the Atlantic Niiio and Benguela Niiio (not shown). In some years, for instance . 

1988, SST anomalies near the Angola and Namibia coasts often appear one or two months 

before those along the equator. 

I Figure 12al 

5.  Summary and Concluding Remarks 

Rainfall variability on seasonal and interannual-to-interdecadal time scales in the trop- 

ical Atlantic is quantified using the 25-year GPCP product. Evident seasonal variations 

exist in the basin-mean rainfall, and the marine ITCZ and its latitudes. More (less) 

basin-mean rainfall and a stronger (weaker) ITCZ are observed when it moves to the 

north (south) during boreal summer and fall (winter and spring). However, most intense 

variations of rainfall on interannual-to-interdecadal time scales occur during boreal spring, 

D R A F T  March 2, 2005, 10:13am D R A F T  



GU AND ADLER INTERANNUAL RAINFALL VARIABILITY IN THE TROPICAL ATLANTIC REGION25 

showing a different seasonal preference. Also, the interannual-to-interdecadal variances of 

rainfall tend to be located in the western part of the basin. Particularly, over open ocean 

the variances within the period bands of 1 - 2 and 6 - 12 years tend to avoid the region 

of 0 - 2.5"N, while those with a period of 2 - 6 years are roughly concentrated in this 

region. 

The impacts of three major (local and remote) SST modes are discussed in this study. 

SST indices representing the Atlantic Niiio (AtZ3) and interhemispheric ( T N A  - TSA)  

modes have similar wavelet spectral peaks as rainfall anomalies, whereas the ENS0 in- 

dex (Nino3) only shows one single power peak within the period range of around 2 - 6 

years. As rainfall variances, SST variances within the period bands of 1 - 2 and 6 - 12 

years are located off the region just north of the equator, and those with a period of 

2 - 6 years tend to be along the equator. Nevertheless, major SST variances on the 

interannual-to-interdecadal time scales prefer the eastern portion of the basin, in contrast 

to the preference of rainfall variances. This contrast structure probably indicates a unique 

. relationship between rainfall and SST on the interannual-to-interdecadal time scales. 

Correlation analyses indicate that rainfall anomalies including the basin-mean rainfall 

and the ITCZ intensity are strongly modulated by the SST anomalies in both the Pa- 

cific (Nino3) and the equatorial Atlantic (At13). El Niiios influence the tropical Atlantic 

through two distinct means [e.g., Saravanan and Chang, 2000; Gzannzni et al., 2001b; 

Chiang et al., 20021: (1) suppress rainfall over the tropical Atlantic basin via anoma- 

lous Walker circulation and increased stability through tropospheric warming, and (2) 

contribute to the formation of the positive-negative dipole in rainfall anomalies through 

their modulations of SST in the tropical north Atlantic and perhaps in the equatorial and 
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tropical south Atlantic several months later. Composite maps further detail the evolu- 

tions of anomalous patterns based on the four strong warm events in the eastern Pacific 

during 1982-2003. The time-lag between these two influences is clearly shown, as are the 

opposite, self-competing impacts of El Niiios in the tropical Atlantic. It is thus likely 

that because of these opposite impacts, strong negative rainfall anomalies covering the 

entire tropical Atlantic basin in January gradually evolove into a positive-negative dipole 

in rainfall anomalies in May. This may also explain why the correlation between rainfall 

anomalies and Nino3 is so weak in March [Figures 13 and 14; Uvo et al., 19981, likely 

implying the two opposite effects reach their peaks and tend to cancel each other. p G G T  
Regarding Atlantic Niiio, both rainfall and latitudes of the ITCZ are directly impacted, 

though it appears that the Atlantic equatorial warming itself might be externally forced 

[e.g., Delecluse et al., 1994; Latzf and Grotzner, 20001. The warm events usually occur 

during boreal summer or late spring. A composite analysis indicates a coupled, coher- 

ent spatial pattern during the peak months [e-g., Zebzak, 19931. On the other hand, the 

Atlantic interhemispheric mode can effectively impact the locations of the ITCZ, partic- 

ularly during boreal spring and early summer, but has little influence on the magnitudes 

of rainfall anomalies. This mode may also be significantly modified by the Pacific El Niiio 

[Figure 151. I Figure 151 

This study provides an observational quantification of rainfall variability in the tropical 

Atlantic. The relationships between rainfall anomalies and (local and remote) SST forcings 

are also investigated. However, detailed mechanisms about these relationships are still not 

quite clear and straightforward possibly due to the existence of several competing forcing 

modes in the basin. Further explorations of air-sea coupling processes in the tropical 
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Atlantic and external or remote influences may be done in the future with the help of 

well-dcsigned, m x e  realistic coupled models on the basis of past results [e.g., Chang et al., 

2000; Saravanan and Chang, 2000], and also with the availability of more high-quality in 

situ and satellite observations. Thus, several related issues have not been addressed here. 

(1) Anomalous warm SSTs occur in the tropical north Atlantic several months after the 

peaks of El Niiios in the Pacific [Figure 151. How these warm SSTs impact rainfall patterns 

is still a puzzle since most intense rainfall anomalies tend to be in the western portion of 

the basin. (2) El Niiios may also have impact on the SSTs along and south of the equator 

through an indirect way. Anomalous cold SST is observed in both the Benguela Niiio and 

1 Figure 15 1 

Atlantic Niiio regions one or two months after most intense rainfall and cross-equatorial 

wind anomalies in the western portion of the tropical Atlantic [Figures 15 and 171. This 

I Figures l! _- seems t o  be in contrast with past results [e.g., Enfield and Mayer, 19971 and has yet to  

be further examined. (3 j What mechanisms control the Atlantic equatorial anomalies 

during boTeal summer and fall is still a question. Although the opposite (warm/coldj 

phases of the Pacific may excite similar response in the equatorial Atlantic [Figure 161, 

' 

-1 
in most cases anomalously strong rainfall anomalies occur in April prior to the equatorial 

warming, and high lag-correlation between surface wind anomalies in the west basin and 

SST anomalies in the east basin can always be found. (4) There seems a link between the 

equatorial Atlantic and Benguela Niiios since in general the anomalies in the region off 

the Angola and Namibia coasts occur earlier than the equatorial anomalies. Florenchie 

et al. /2004] showed that Benguela Niiio usually peaks in March/April, compared with 

the peak season (boreal summer) of the equatorial warming. It has also been suggested 

that subsurface temperature anomalies forced by surface wind anomalies in the west- 
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central equatorial Atlantic propagate eastward but outcrop only at regions off the Angola 

and Namibia coasts [e.g., Florenchie e t  al., 2003; Florenchie et al., 20041. However, 

the conclusions can be made only after further quantifying related oceanic components, 

particularly the variability in the subsurface ocean. (5) Intense atmospheric (rainfall and 

surface winds) responses to the equatorial Pacific during boreal spring are evident in the 

western portion of the basin including the northeast coastal region of South America 

[Figure 151, suggesting a relatively easier communication can be built between remote -1 
forcing and the surface through moist convection within the ITCZ [Chiang and Sobel, 

20021. Further examinations of the Atlantic Nifio events indicate (not shown), even in the 

quiet years of Pacific, strong rainfall and surface wind anomalies in the west equatorial 

region can be'found one or two months before the equatorial warming. Land surface 

processes and associated convection may thus be one of the major reasons and their 

relationships with oceanic components have to be quantified in the future. Finally, WE 

have not discussed the possible impact of. NAO on the tropical Atlantic. Several past 

studies showed that the NAO may induce large-scale circulation anomalies and impact 

Carribbean rainfall through its modulation of SST in the tropical region [e.g., Wang, 2002; 

Giannini et al. , 2OOla]. 
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Figure 1. Seasonal mean precipitation (mm day-') and SST ("C) in the tropical 

Atlantic region. 

Figure 2. Seasonal mean precipitation in the center of the Atlantic ITCZ (mm 

day-'; solid line) and averaged over 17.5"s - 22.5"N, 15"W - 37.5"W ( 0 . 3 ~  mm 

day-'; dashed line), and seasonal mean latitudes of the center of the Atlantic ITCZ 

("N; dashdot line). 

Figure 3. 

(("C)2) in the tropical Atlantic region. 

Seasonal mean variances of precipitation (mm' day-2) and SST 
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Figure 4. (a) Precipitation anomalies (mm day-') in the center of the Atlantic 

ITCZ (Pitcz; solid line), and over 17.5"S-22.5"N7 15"-37.5"W (I'dm; dashed line); 

(b) Anomalies (degree) of the central latitudes of the Atlantic ITCZ. The Atlantic 

ITCZ is defined between 15"W - 37.5"W. Shown here are three-month running 

averages. 

Figure 5. Mean wavelet spectral power of the precipitation anomaiies in the 

center of the Atlantic ITCZ (solid line), the latitudinal position anomalies of the 

center of the Atlantic ITCZ (dashed line), and the precipitation anomalies averaged 

over 17.5"s - 22.5"N7 15"W - 37.5"W (dashdot line). Also shown are the red noise 

spectra (dotted lines) for solid and dashed lines, respectively, computed from the 

lag-one autocorrelation. 
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Figure 6. Variances of precipitation anomalies (mm' dayF2) in the tropical 

Atlantic within various period ranges: (a) 1 - 2 years, (b) 2 - 6 years, and (c) 

6 - 12 years. 

Figure 7. (a) Variance of the precipitation anomalies averaged over 17.5"s - 

22.5"N, 15" - 37.5"W, (b) variance of the precipitation anomalies in the center 

of the Atlantic ITCZ, afid (c) the latitudinal. anomalies of the Atlantic ITCZ as a 

function of month. 

Figure 8 .  Linear correlation between the precipitation anomalies averaged over 

17.5°S-22.5"N, 15"-37.5"W [Pd, (mm day- ' ) ;  solid line] and in the center of the 

Atlantic ITCZ [Pitcz (mm dug-'); dashed line], and the Atlantic ITCZ's latitudinal 

anomalies (LutitcZ). y = f0:4 denotes the 5% confidence level based on 23 degrees 

of freedom (dof) . 
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Figure 9. (a) The SST anomalies ("C) represent the eastern Pacific Nifio3 

mode (Nino3; solid line) and the Atlantic equatorial mode (AtZ3; dashed line); (b) 

the SST anomaly difference ("C) between the tropical north and south Atlantic 

oceans (TNA-TSA) represents the interhemispheric gradient mode. Three-month 

running average is applied. 

Figure 10. Mean wavelet spectral power of (a) the Atlantic equatorial mode 

(AtZ3; solid line; dashdot line is the red spectrum)and the Atlantic gradient mode 

( T N A  - TSA;  dashed line; dotted line is the red spectrum), and (b) the Niiio 

3 SST anomalies (Nino3; solid line; dashed line is the red spectrum). The cross 

line in (a) denotes the mean spectral power of SST anomalies over 20"s - 20"N, 

16"W-38"W. - 

Figure 11. 

period ranges: (a) 1 - 2 years, (b) 2 - 6 years, and (c) 6 - 12 years. 

Variances of SST anomalies in the tropical Atlantic within various 
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Figure 12. Linear correlation between (a) "in03 and AtZ3, (b) Nino3 and 

T N A  - TSA, and (c) AtZ3 and T N A  - TSA. Dashdot lines denote the 5% confi- 

dence level based on 20 degree of freedom (dof ) .  

Figure 13. Linear correlation between the precipitation anomalies averaged over 

17.5"s - 22.5"N, 15"W - 37.5"W [Pd, (mm day-'); solid lines] and in the center 

of the Atlantic ITCZ [Pztcr (mm day-'); dashed lines], and the SST anomalies 

("C) representing (a) the eastern Pacific Niiio 3 mode (Nino3), and the Atlantic 

equatorial modes: (b) AtZ3 and (c) TNA - TSA. y = f0.42 denotes the 5% 

confidence level based on 20 degree of freedom (dof). 
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Figure 14. Linear correlation between the latitudinal anomalies of the center of 

the .Atlantic ITCZ (LatitcZ), and the SST anomalies representing (a) the eastern 

Pacific Niiio 3 mode (NinoS), (b) the Atlantic equatorial mode (AtZ3) and (c) the 

Atlantic gradient mode (TNA - TSA) .  Dashed lines denote the 5% confidence 

level based on 20 degree of freedom (dof). 

Figure 15. Anomaly composite maps corresponding to the eastern Pacific 

equatorial mode during January-May (1983, 1987, 1992, and 1998). Left panel is 

for precipitation anomalies (contour interval 1 mm day-'); Right panel for SST 

(contour interval 0.3 "C) and 1000 mb wind vector (m s-') anomalies. Positive 

(negative) anomalies are solid (dashed). The unit of winds is m s-'. 
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Figure 16. Anomaly composite maps corresponding to the warmest months in 

the eastern Atlantic (1984,1987,1988,1995,1996, 1998, 1999, and 2003). Contour 

intervals are 1 mm day-' for rainfall anomalies and 0.3 "C for SST anomalies, 

respectively; Positive (negative) anomalies are solid (dashed). The unit of winds 

is m s-I. 

Figure 17. Anomaly maps in 1987 and 1988. The warmest months are July in 

1957 and June in 1988. Contour intervals are 1.5 mm day-' for rainfa11 anomalies 

(a, c, e, and g) and 0.5 "C for SST anomalies (b, d, f, and h), respectively; Positive 

(negative) anomalies are solid (dashed). The unit of winds is m s-'. 

D R A F T  March 2, 2005, 10:13am D R A F T  



Table 1: Correlation coefficients (7) between the precipitation anomalies averaged over 

17.5°S-22.50N, 15"-37.5"W [Pdm (mm day-')] and in the center of the Atlantic ITCZ [Pitcz 

(mm day-') ] ,  the anomalies of the central latitudes of the Atlantic ITCZ [Latit,, (")I, and 

the time series of SST anomalies representing various tropical oscillation modes. = 0.42 is 

the 5% confidence level based on 20 degree of freedom (dof). 

Y 

Pztcz -0.15 

0.5 0.3 -0.47 

1 



8OW 60W 40W 20W 0 20E 

Figure 1: Seasonal mean precipitation (mm day-'; dashed contours) and SST ("C; solid 

contours) in the tropical Atlantic region. DJF-December-February, MAM-March-May, 

J JA- June- August, and SON-September-November . 
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Figure 2: Seasonal mean precipitation in the center of the Atlantic ITCZ (mm day-'; solid 

line) and averaged over 17.5"s - 22.5"N, 15"W - 37.5"W ( 0 . 3 ~  mm day-'; dashed line), 

and seasonal mean latitudes of the center of the Atlantic ITCZ (ON; dashdot line). 

3 



Figure 3: Seasonal mean variances of precipitation (mm2 day-2; dashed contours) and SST 

((°C)2; solid contours) in the tropical Atlantic region. 
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Figure 4: (a) Precipitation anomalies (mm day-') in the center of the Atlantic ITCZ (etu; 
solid line), and over 17.5"s - 22.5"N, 15" - 37.5"W (I'dm; dashed line); (b) Anomalies 

(degree) of the central latitudes of the Atlantic ITCZ. The Atlantic ITCZ is defined between 

15"W - 37.5"W. Shown here are three-month running averages. 
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Figure 5: Mean wavelet spectral power of the precipitation anomalies in the center of the 

Atlantic ITCZ (solid line), the latitudinal position anomalies of the center of the Atlantic 

ITCZ (dashed line), and the precipitation anomalies averaged over 17.5"s - 22.5"N, 15"W - 

37.5"W (dashdot line). Also shown are the red noise spectra (dotted lines) for solid and 

dashed lines, respectively, computed from the lag-one autocorrelation. 
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Figure 6: Variances of precipitation anomalies (mm2 day-2) in the tropical Atlantic within 

various period ranges: (a) 1 - 2 years, (b) 2 - 6 years, and (c) 6 - 12 years. 
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Figure 7: (a) Variance of the precipitation anomalies averaged over 17.5"s - 22.5"N, 15" - 

37.5"W, (b) variance of the precipitation anomalies in the center of the Atlantic ITCZ, and 

(c) the latitudinal anomalies of the Atlantic ITCZ as a function of month. 
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Figure 8: Linear correlation between the precipitation anomalies averaged over 17.5"s - 

22.5"N, 15" - 37.5"W [Pdm (mm day-'); solid line] and in the center of the Atlantic ITCZ 

[Pi,, (mm day-'); dashed line], and the Atlantic ITCZ's latitudinal anomalies (La&). 

y = f 0 . 4  denotes the 5% confidence level based on 23 degrees of freedom (dof). 
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Figure 9: (a) The SST anomalies ("C) represent the eastern Pacific Niiio3 mode (Nino3; solid 

line) and the Atlantic equatorial mode (AtZ3; dashed line); (b) the SST anomaly difference 

("C) between the tropical north and south Atlantic oceans (TNA - TSA) represents the 

interhemispheric gradient mode. Threemonth running average is applied. 
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Figure 10: Mean wavelet spectral power of (a) the Atlantic equatorial mode (AtZ3; solid line; 

dashdot line is the red spectrum) and the Atlantic gradient mode ( T N A  - T S A ;  dashed 

line; dotted line is the red spectrum), and (b) the Niiio 3 SST anomalies (Nzno3; solid line; 

dashed line is the red spectrum). The cross line in (a) denotes the mean spectral power of 

SST anomalies over 20"s - 20"N, 16"W - 38"W 

11 



80W 60W 40W 20W 0 20E 

20N 
15N 
1 ON 
5N 

0 
5s 

1 os 
15s 
20s 

8OW 60W 40W 20W 0 20E 

0.03 0.06 0.09 0.12 0.15 0.18 0.03 0.06 0.09 0.12 0.15 0.18 

J _._.. ._../_..__ 

0.02 004 0.06 0.08 0.1 

Figure 11: Variances of SST anomalies in the tropical Atlantic within various period ranges: 

(a) 1 - 2 years, (b) 2 - 6 years, and (c) 6 - 12 years. 
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Figure 12: Linear correlation between (a) Nino3 and At13, (b) Nino3 and TNA - TSA, and 

(c) At13 and TNA - TSA. Dashdot lines denote the 5% confidence level based on 20 degree 

of freedom ( d o f ) .  

13 



(a) Nino3 
- 0 . 8 1  I 1 1  1 I 1 1  I $ 1  . . . . . . . . . . . .  . . . . . . . . . . . .  

. . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  

= -0.E 
.- b 
0 

0 
0 

0 
(d 

$ -0.4 

c -0.2 
.- 
.I- - 
2 0  
5 

0.2 

. . . .  . . .  < 

. . . .  . . . .  . . . .  . . . .  . . . .  

. . .  

. . . . .  . . . . .  . . . . . .  

. . . . . .  

-0.8 

+- -0.6 
C 
a, 
0 

a, 
0 
0 

0 
(d 

.- 
E -0.4 

c -0.2 
.- 
4- - 
2 0  
5 

0.2 

0.4 

(c) TNA - TSA 
, ! 1 ! 1 1 1 1 1 1 1 .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . A ' .  

I ; 1 ; : 1 1 t / 1  ; ; ; . . . . . . . . . . .  . . . . . . . . . . .  

1 2  3 4 5 6 7 8 9 101112 
Month 

(b) At13 
0.81: : : : : : : : : : : : I  . . . . . . . . . . . .  

I . / .  . . . . . . . . . .  

" 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  
Month 

Figure 13: Linear correlation between the precipitation anomalies averaged over 17.5"s - 

22.5"N, 15"W-37.5"W [Pd, (mm day-'); solid lines] and in the center of the Atlantic ITCZ 

[PitC3 (mm day- l ) ;  dashed lines], and the SST anomalies ("C) representing (a) the eastern 

Pacific Niiio 3 mode (Nino3), and the Atlantic equatorial modes: (b) At13 and (c) TNA - 

TSA. y = f0.42 denotes the 5% confidence level based on 20 degree of freedom ( d o f ) .  
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Figure 14: Linear correlation between the latitudinal anomalies of the center of the Atlantic 

ITCZ (Latit,,), and the SST anomalies representing (a) the eastern Pacific Nifio 3 mode 

(NinoS), (b) the AtIantic equatorial mode (AtI3) and (c) the Atlantic gradient mode (TNA 

- TSA). Dashed lines denote the 5% confidence level based on 20 degree of freedom (dof). 

15 



Precipitation SST. U and V 
1. I f January 
j I 

f February 

1 ON 
EQ 

1 os 
20s 
30s 

8OW 60W 40W 20W 0 20E 

f April 
30N 
20N 
1 ON 
€0 

1 os 
20s 
30s 

8OW 60W 40W 20W 0 20E 
30N 
20N 
1 ON 
EQ 

1 os 
20s 
30% 

30%;fW ' 60W ' 40W 20W 0 1OE ' 

30N 
20N 
1 ON 

EQ 
1 os 
20s 
30s 

8OW 60W 40W 20W 0 20E 

Figure 15: Anomaly composite maps corresponding to the eastern Pacific equatorial mode 

during January-May (1983, 1987, 1992, and 1998). Left panel is for precipitation anomalies 

(contour interval 1 mm day-'); Right panel for SST (contour interval 0.3 "C) and 1000 mb 

wind vector (m s-') anomalies. Positive (negative) anomalies are solid (dashed). The unit 

of winds is m s-'. 
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Figure 16: Anomaly composite maps corresponding to the warmest months in the eastern 

Atlantic (1984, 1987, 1988, 1995, 1996, 1998, 1999, and 2003). Contour intervals are 1 mm 

day-' for rainfall anomalies and 0.3 "C for SST anomalies, respectively; Positive (negative) 

anomalies are solid (dashed). The unit of winds is m s-'. 
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Figure 17: Anomaly maps in 1987 and 1988. The warmest months are July in 1987 and June 

in 1988. Contour intervals are 1.5 mm day-' for rainfall anomalies (a, c, e, and g) and 0.5 

"C for SST anomalies (b, d, f ,  and h), respectively; Positive (negative) anomalies are solid 

(dashed). The unit of winds is rn s-'. 
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Interannual Rainfall Variability in the Tropical Atlantic Region 

Guojun Gu and Robert F. Adler 

PoDular Summarv 

Using a 25-year (1979-2003) monthly rainfall dataset from the Global Precipitation 
Climatology Project (GPCP), this study investigates interannual variability in the tropical 
Atlantic region. Evident seasonal cycle exists in both the basin-mean rainfall and the 
intertropical convergence zone (ITCZ) usually seen as a narrow band of intense 
convection and rainfall in the tropics. The ITCZ becomes strongest as moving to the 
northernmost latitude (SON-10'") during July-September when most rainfall is observed 
in the entire tropical Atlantic basin; it becomes weakest during January-February as 
moving back to the south and approaching the equator, with the total rainfall in the basin 
being the least. In contrast, the strongest interannual rainfall variability (year-to-year 
variation) occurs during March-May when the ITCZ becomes weaker and tends to be 
near the equator, not during the season (July-September) when it becomes strongest. 

Interannual rainfall variability is further found to be closely related to the Pacific El Nifio/ 
La Nifia (anomalous warm/cold tropical central-eastern Pacific) events, besides being 
effectively forced by two local sea surface temperature (SST) fluctuations, i .e.,  the 
Atlantic equatorial (or Atlantic Nifio) and interhemispheric SST gradient modes. El Nifio 
(La Nifia) is usually followed by evident decrease (increase) in the Atlantic ITCZ 
strength and the total rainfall amount in the tropical Atlantic basin. Furthermore, the two 
local SST fluctuation modes are highly correlated to the Pacific El Nifio/ La Nifia events, 
particularly during spring and early summer season. Thus, to correctly quantify and 
diagnose Atlantic climate variability, the remote impact from the Pacific has to be first 
assessed. Due to the internal relationship of rainfall and other climate variables, this 
observational study will improve our understanding of climate variability in the tropical 
Atlantic and neighboring continents, such as anomalous Atlantic hurricane activity, and 
droughts/floods over West Africa and South America. 


